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A B S T R A C T
In this study, a combined approach of several monitoring techniques was applied to allow correlations between
the AE activity and related processes such as shrinkage and settlement evolution, capillary pressure and tem-
perature development in fresh cementitious media. AE parameters related to frequency, energy, and cumulative
activity which exhibit sensitivity to the particle size distribution of cement paste are compared with inert fly ash
(FA) leading to isolation of the mechanical sources from the chemical ones. Characterization of the origin of
different processes occurring in cement paste during hydration is complex. Although acoustic emission (AE)
monitoring has been used before, a qualitative relation between the microstructural formation or other early-age
processes and the number or parameters of AE signals has not been established. The high sensitivity of AE
enables the recording of elastic waves within the cementitious material, allowing the detection of even low-
intensity activities.
1. Introduction
The early age hydration and the associated microstructural forma-
tion of concrete are the dominant factors for prediction of concrete
durability and service life. Isolating the different mechanisms such as
hydrates production, microstructure evolution and other thermo-
mechanical changes taking place during setting and hardening, appears
to be a challenging task. The risk of early age cracking arising from the
development of stress concentrations is high at the initial stages of
hydration [1]. Therefore, understanding and isolating the different
mechanisms of early hydration is significant as the long-term behaviour
of concrete is closely related to its early age properties. During this
period, an exothermic reaction between cement particles and water
takes place leading to the formation of hydration products with a
complex microstructure [2]. Isothermal calorimetry [3] and thermal
analysis [4] can provide relevant information on the different chemical
processes occurring during hydration. In addition, a sensitive and pre-
cise technique is essential to characterise the influence of early-age
processes like settlement and hydration which are associated with mi-
crostructural transformation and the mechanical properties and dur-
ability at a later stage. Different techniques have been applied to
monitor the early hydration, such as linear and nonlinear ultrasonics
[5–8], scanning electron microscope [9], X-ray computed tomography
[10], electrical impedance measurement [8], etc. Lu et al. [11] in-
vestigated the hydration process of early age concrete using an
embedded active acoustic method along with non-contact complex re-
sistivity and identified four distinctive hydration stages.
In recent years, researchers have also applied the AE technique to
monitor the hydration process. AE collects low energy elastic waves
from irreversible changes in a material and is very promising due to its
sensitivity to the micro-scale processes. Chotard et al. [12] applied AE
to characterise the early hydration and the related internal changes
occurring in a cement paste (0-24 h). AE signals were associated with
the emptying of the capillary pores, the formation and growth of the
hydrates and the development of microcracking. Moreover, AE has
been used to predict the mechanical behaviour of a set cement from its
early age properties since the number of recorded signals was attributed
to the amount of hydration products [13,14]. Libor et al. [15] studied
acoustic emission activity during hardening of cement-based compo-
sites and observed that the higher the AE signal amplitude values, or
the AE signal energy, the more significant structural changes arise in
the form of newly formed hydrates. AE has shown sensitivity to the w/c
weight ratio. Cement pastes with lower w/c weight ratio demonstrated
higher AE activity in comparison to the other samples and this ob-
servation was attributed to cavitation in the cement paste pores [16].
Concrete with higher aggregate to cement ratio demonstrated lower
cumulative AE hits [17]. Qin et al. [18] monitored the cracking activ-
ities of early age concrete and defined three hydration stages according
to the accumulated recorded AE signals. AE parameters of “signal
strength”, amplitude and duration revealed a correlation with the
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temperature gradients during cement hydration [19]. The temperature
evolution showed a correlation to the evolution of cumulative AE
events for cement paste, cement mortar, and concrete. It was also found
that AE activity decreases with a decrease in the heterogeneity of the
material [20]. At the time of early age cracking AE exhibited higher
amplitude with longer duration signals in restrained cement mortars
[21]. Higher numbers of microcracks during the hardening and setting
of concrete caused higher numbers of AE events [22]. Two mechanisms
of mechanical origin have also been targeted: the movement of ag-
gregates and the movement of bubbles through fresh cement paste were
isolated, and their characteristics were studied [23] showing that AE
activity from both processes can be well received, especially if they
occur close to the metal mould that acts as a waveguide. Furthermore,
AE has been used for characterizing the deformation of granular media
due to jamming of grains and frictional slip of particles which release
strain energy [24]. Different features in the evolution of the AE para-
meters can be connected to the changes in the hydrates production
caused by chemical reactions, including the progressive mechanical
setting of the specimen.
This paper aims to investigate the connection between the early age
processes in cement paste and the AE signals. This is attempted by
comparing measurements made on cement paste specimens with a
purely FA suspension to separately study the chemical reaction (in ce-
ment paste) and the physical phenomena like settlement and shrinkage
occurring to FA suspension as well. In addition, the pulse velocity for all
types of materials was monitored at the early stage. The processes oc-
curring in freshly cast cement paste as well as during the curing period
was studied and significant correlations to AE parameters, such as
average frequency, rise time, absolute energy, and cumulative hits were
found. These parameters are explained in the next paragraph.
2. Acoustic emission technique
AE concerns the transient elastic waves that propagate in a medium
by a rapid release of energy [25] and are detected by the AE sensors.
The piezoelectric transducers are placed on the surface of the material
and transform the mechanical pulse into an electric waveform. These
signals are amplified and transferred to the acquisition board. The AE
waveform acquisition starts with a “threshold crossing”. Threshold is a
predefined voltage chosen by the user to trigger the start of the ac-
quisition. In the first hours after mixing, a cement paste exhibits sig-
nificant AE activity. This is usually examined by the number of cumu-
lative AE signals recorded from the start of the measurement. This AE
activity may be induced by plastic shrinkage evolution. The plastic
shrinkage is caused by settlement progression, and the water evapora-
tion from the specimen surface leads to capillary pressure rise. An im-
portant feature of AE is the cumulative activity (or the number of re-
corded events during a process) while other parameters are related to
the waveform shape and frequency content. A typical AE waveform
with its parameters is shown in Fig. 1 [26]. The amplitude corresponds
to the highest peak of the signal and is measured in volts or dB. The rise
time (RT) describes the time delay between the first threshold crossing
point and the highest peak (μs). The duration (DUR) expresses the time
difference between the first and last threshold crossings (μs), while the
ratio of the rise time over the amplitude describes the RA value (μs/V).
Average frequency (AF, kHz) is the ratio of the number of threshold
crossing (COUNTS) and the duration (DUR). Among others, these
parameters have shown good characterization capacity of the original
source and its intensity, either when the monitored process is fracture
[26,27] or, more recently, hydration of cementitious media [23].
3. Materials and methods
Three types of specimens were prepared. One type was pure cement
paste while the other was a FA suspension. The reason for selecting FA
was that it is inert and therefore, it was studied to eliminate the possible
influence by early cement hydration on AE parameters. In addition, a
third type of specimen which was a combination of cement paste and
FA was also examined where mild hydration was expected. In litera-
ture, the mineral additive FA is applied in concrete to control the early
age hydration [28,29], thereby improving its properties, such as auto-
genous deformation, Young's modulus, relaxation, thermal dilation,
creep, etc. [1]. Fly ash concrete develops lower strength at an early age
since the pozzolanic reaction is activated at a mature age [30].
Specimens of cement paste were prepared with ordinary Portland
cement (CEM I 52.5N). The cement paste mix design had a water to
binder ratio of 0.4, see Table 1. In addition to cement paste, the inert
material FA class F was studied as representative of inert materials. The
particle size distribution of the two materials is presented in Fig. 2. The
particle size distribution of cement has one local peak in the range
0.2–0.4 μm and a second maximum peak at about 10–20 μm. The FA's
particle size distribution extends to at least 500–600 μm while the ce-
ment's stops at about 80–90 μm. The particle size distribution of the
ordinary portland cement (OPC) and FA were obtained by applying a
laser diffractometry using a Malvern Mastersizer 2000 E particle ana-
lyser with wet unit Hydro 2000SM.
Suspensions of FA and water with a water-solid ratio of 0.27 were
prepared as shown in Table 2. The mixed specimens included a 50%
cement −50% fly ash composition by mass (50/50 CEM-FA) with a
water-solid ratio of 0.33 as seen in Table 3. For all three mixtures the
volume proportion of each compound has been determined, see Tables
1–3. The volume proportions were selected in order to obtain similar
consistency. All specimens were mixed for 3 min at a moderate speed in
the laboratory concrete mixer. Afterwards, the material was cast into
the metallic mould of size 150 × 150× 150 mm3 (internal dimensions)
in a single layer. Throughout the study, 9 specimens were monitored,
and this paper presents the three most representative specimens. The
mixing and casting of the materials were completed in approximately
15 min, thereby monitoring started within approximately 15 min after
casting.
3.1. Experimental program
The experiments were performed in a metallic square mould, see
Fig. 3(a). On each side of the mould, AE was monitored by applying
four piezoelectric sensors (R15, Mistras). The sensors of 150 kHz re-
sonance frequency were placed on the outer side of the mould and a
viscous silicone grease was applied on the sensor surface to improve the
coupling between the sensor surface and the mould. A low and sensitive
threshold of 35 dB (reference voltage 1 μV) was selected and the AE
Fig. 1. Acoustic emission waveforms [26].
Table 1
Cement paste.
Compounds Mass [kg] Volume proportion [%]
Cement 5.0 44.65
Water 2.0 55.35
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signals were amplified with a preamplifier of 40 dB. In order to hold the
AE sensors on the outer sides of the mould, magnetic clamps were used
during the test. The sensors were positioned at a height of 100 mm from
the mould bottom. The AE system used for acquisition in this study is a
Micro-II express of Mistras Group.
In the metallic mould shown in Fig. 3(b), two linear variable dif-
ferential transducers (LVDTs) were mounted and were used to measure
the horizontal displacement between the mould and the markers in-
stalled in the specimen at opposite sides. Both LVDTs were arranged
horizontally and placed 50 mm from the bottom of the mould. The
metallic mould has a quadratic base form, thereby identical displace-
ment was expected in both horizontal directions, e.g. x and y, which are
perpendicular with each other. One further LVDT was placed vertically
at the specimen's free surface to measure the settlement. The sensor tip
was applied on a 20 × 20 mm2 wide metallic wire lattice which was
placed on the specimen surface, thereby preventing the penetration of
the sensor tip and the floating of the sensor target.
In addition, the capillary pressure and specimen temperature were
monitored. The pressure transducer to measure the capillary pressure
development was connected to the pore system by a 150 mm long brass
tube with an inside diameter of 4 mm. The brass tube was filled with de-
ionized water and arranged vertically 30 mm deep into the material
from the top surface. All inside surfaces of the metallic mould were
lubricated with a release agent to minimize any frictional forces.
Moreover, one thermocouple was inserted in the specimen prior to the
start of the test to measure the temperature development, thereby
monitoring the hydration process. All the measurements were si-
multaneously recorded in the same mould, ensuring the precise corre-
lation between all the parameters. Curing of the specimens occurred in
a temperature-controlled laboratory room and the duration of the
monitoring experiments was approximately 2 days. The room tem-
perature was set at 20 ± 1 °C and relative air humidity at 50%.
To evaluate the setting time [31] of the specimens, the ultrasonic
measurements were conducted on a separate U-shaped plexiglass con-
tainer, using two AE sensors of 150 kHz, one as pulser and one as re-
ceiver. The U-shaped rubber was removed and the two PMMA plates
forming the walls of the mould were brought in direct contact in order
to do the measurement. The pulser was connected to a waveform
generator that sent a pulse of 150 kHz and duration 5 cycles every
3 min. The electric signal was transformed to elastic wave through the
piezoelectric transducer of the sensor and propagated through the
plexiglass wall into the examined specimen and the 2nd container wall.
Then it was recorded by the receiver and transformed back into an
electric waveform. The U-shaped rubber was removed and the two
PMMA plates forming the walls of the mould were brought in direct
contact in order to do the measurement. The transit time was calculated
by comparing the time of the electric excitation (also directly recorded
in one acquisition channel) and the response of the receiver after
eliminating the propagation time through the walls and sensors (delay
time of the system equal in this case to 6.9 μs) measured in a face to face
configuration (walls touching each other, without cement in between).
The thickness of the sample was nominally 19 mm but measured each
time with a sliding caliper and the sampling rate of the acquisition was
10 MHz (time step 0.1 μs). This distance is very similar to the one
proposed by the relevant recommendations [Materials and Structures
(2011) 44:1047–1062] while longer distances are not applicable due to
the extreme attenuation of fresh cement media. For hardened material,
transit times of approximately 7 μs were recorded (through cement
paste) resulting in a typical error of 0.1/7 = 1.4%. The velocity was
calculated by dividing the aforementioned thickness by the transit time,
which was detected by the first threshold crossing. The threshold was
kept as low as possible to increase the sensitivity and it was determined
as 20% higher than the maximum noise level which was recorded in the
“pre-trigger” time of the waveform (first 500 points or 50 μs). Slight
changes in the threshold did not result in meaningful changes in the
velocity values and certainly not in the (increasing) trend of ultrasonic
pulse velocity (UPV).
Fig. 2. Particle size distribution of cement CEM I 52.5N and fly ash.
Table 2
Fly ash suspension.
Compounds Mass [kg] Volume proportion [%]
Fly ash 6.0 62.86
Water 1.66 37.14
Table 3
50% cement and fly ash by mass.
Compounds Mass [kg] Volume proportion [%]
Fly ash 3.0 31.87
Cement 3.0 46.10
Water 2.03 22.04
Fig. 3. Experimental setup (a) overview of the experimental setup; (b) metallic mould including LVDT, pressure transducer, thermocouple and AE sensors.
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4. Results
The description of the results starts with the cumulative activity. AE
hits recorded for the cement paste are compared with those of FA. The
cumulative hits of cement paste rapidly increased during the first few
hours after mixing and were accompanied by a rapid rise of the set-
tlement due to the gravitational force, since the cement paste was in the
plastic state, see Fig. 4(a). After approximately 4 h the settlement be-
haviour stabilized, and this resulted in a change in the characteristics of
the observed cumulative hits. This way, the settlement and the cumu-
lative hits of the cement paste presented a significant decrease after
250 min of curing with 11 mm/m and approximately 7000 AE hits. At
the early stages, the detected AE involved signals of the fluid paste
while at the later stages it involved signals of the solid paste. This point
of transition is significant since the connectivity of the solid paste is
responsible for the strength development leading to the final mechan-
ical strength. In addition, this point is signified by the bending on the
settlement curve as after the setting the mobility is restrained and the
settlement is essentially completed.
It was also found that in the case of FA the measured cumulative hits
were followed by the settlement at early times as the material is in the
fluid state, see Fig. 4(b). Compared with the cement paste, the sus-
pension of the FA demonstrated a substantially decreased settlement
with a maximum value of 4.5 mm/m and cumulative hits of approxi-
mately 1100 hits after 250 min of mixing. The FA suspension exhibited
lower settlement and AE activity during a time interval of 250 min.
Based on the obtained results, a high number of acoustic hits may be
associated with settlement progression in cement paste at least for the
first 3 h. However, it is obvious that the correlation between the cu-
mulative AE and the settlement was stronger for the cement paste, as
the AE curve exhibited a bending point at the same period when the
settlement rate was reduced. This difference is related to the density.
Cement has a density of 3200 kg/m3, while FA has a density of
1200 kg/m3. Since settlement is a gravitational process, it is expected to
be more intense for grains of higher density than lower. For the FA, the
rate of the AE was continuously decreasing but there was no evident
characteristic point in this decrease.
In addition, the AE cumulative curve is compared with the hor-
izontal shrinkage for the cement paste and the FA in Fig. 4(c) and (d),
respectively. The solid state may be characterized by an increase in
shrinkage caused by the horizontal deformation of the cement paste.
This horizontal deformation was induced by the hydration process as
well as the enduring drying process as shown in Fig. 4(c).
Cement paste did not present any increase in shrinkage during the
first few hours after casting. Throughout the onset of the setting, a
slight increase of shrinkage occurred, followed by a decrease, as the
cement paste experienced expansion due to hydration process, see
Fig. 4(c). It is shown that this expansion behaviour is also present in the
settlement curve in the same period, see Fig. 4(a), just after 500 min.
After the expansion, the cement paste presented a continual increase of
shrinkage as the drying was proceeding. In contrast to cement paste, the
FA suspension exhibited a tendency of monotonic increase of shrinkage
from the beginning with a continuously decreasing rate, see Fig. 4(d).
Considering the settlement and the shrinkage curves of the paste, it can
Fig. 4. Cumulative hits and settlement for (a) cement paste; (b) fly ash suspension; cumulative hits and shrinkage evolution for (c) cement paste; (d) fly ash
suspension.
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be concluded that the significant cumulative hits increase is attributed
to the settlement evolution at an early age since the shrinkage progress
started at a later age. However, the inverse trend was shown for the FA,
where the AE curve showed to be much more compatible to the
shrinkage curve, thus implying that the AE activity of the FA may be
attributed to the shrinkage evolution, see Fig. 4(d).
The behaviour of the mixed specimen 50/50 CEM-FA is shown in
Fig. 5(a). It is clear that there was a delay in the saturation of the set-
tlement curve, as in this case, it stabilized after 500 min. The bending
point in the AE curve was at approximately 500 min, while for the paste
it came earlier at approximately 200 min and for the FA a bending point
was not noticed. The mixture of 50/50 CEM-FA demonstrated an in-
crease of shrinkage at early stages followed by a slight decrease during
the expansion period between 500 min and 750 min as shown in
Fig. 5(b). At this point, the delayed expansion period is associated with
the replacement of cement by FA since the heat of hydration is reduced.
Under these observations, it can be concluded that the 50/50 CEM-FA
mixture behaviour is in between the other two extreme cases. The
shrinkage behaviour (see Fig. 5b) is again in between as it starts im-
mediately, as in the case of FA, but progresses with a lower rate. A weak
temporary reversing trend leading to a local maximum in the curve at
750 min is attributed to thermal expansion, something much more
evident in the paste (see Fig. 4c), where the expansion noticed between
500 and 750 min coincides with the temperature peak that will be
presented next.
Fig. 6 presents the temperature and the AE rise time (RT) results for
all mixes. In this figure, as well in (Figs. 8,9) the plotted AE feature
variable of each bar corresponds to its average value within a window
of 24 min. The duration of this window does not critically mask the
trends, as will be demonstrated in the “Discussion” section. The tem-
perature of the cement paste was observed to decline slightly during the
first 200 min of curing, followed by a rapid rise as the exothermic
chemical reactions occurred, achieving a peak of 44 °C, see Fig. 6(a).
After the temperature peak at approximately 750 min, the sample
temperature dropped to 21 °C. At early stages and before the tem-
perature peak, the observed average RT was essentially low, approxi-
mately 10 μs, indicating that relatively short signals were received. At
later times, when the temperature increased, the average rise time also
increased. RT values coincide with the temperature peak. From the
obtained results, it can be seen that the average RT seems to be affected
by the evolution of temperature.
Compared with the cement paste, the suspension of FA presented a
constant temperature as well as an average rise time history as shown in
Fig. 6(b). The average value is approximately at 50 μs, being much
higher than for cement paste while the bars do not exhibit as strong
fluctuation. The RT curves for the 50/50 CEM-FA were very similar to
those obtained for the cement paste. During the first 250 min, the
temperature dropped to 24 °C, with a low average RT of approximately
20 μs. Later, the temperature increased, achieving a peak of 30 °C after
1100 min of curing, indicating an increase of the average rise time up to
145 μs. The absolute temperature of FA was lower compared to the
cement paste, confirming the impact of the FA on the reduction of
hydration heat, see Fig. 6(c).
It is interesting to note that for the first 3 h, the cement paste ex-
hibited the lowest RT with an average of 11 μs, the FA the highest with
approximately 51 μs while the 50/50 CEM-FA mixture was in between
at around 25 μs. In addition, the RT history in the FA showed much less
fluctuation than the other mixes. This is related to the particle size, but
it will be discussed later along with the energy and frequency results.
The setting times of the cement paste and the FA suspension have
been determined by means of Vicat apparatus as well as an ultrasonic
pulse velocity (UPV), as shown in Fig. 7. The Vicat measurements for
cement paste and FA suspension have been performed according to EN
196 - 3. The UPV indicated an initial setting time at about 200 min for
cement paste while the Vicat needle test indicated an initial setting time
of about 280 min after casting. The FA suspension exhibited a “setting
time” at approximately 320 min, see Fig. 7(a), but this is rather linked
to the drying of the sample and not to real hydration processes. The
pulse velocity of the FA remained at approximately 300 m/s while the
cement paste demonstrated an increase at approximately 200 min as
shown in Fig. 7(b). It can be seen that the pulse velocity of FA presented
only minor increase up to 500 m/s throughout the monitoring period
which is attributed to the denser packing achieved with time but cannot
compare to the much higher value of cement paste which undergoes
hydration.
Fig. 8 shows the results of the average absolute energy and capillary
pressure development. Cement paste exhibited a capillary pressure
build-up in the pore system at approximately 100 min. At this point, the
evaporation of the bleed water from the surface led to the formation of
menisci between the solid particles at the surface [32]. Consequently,
the negative capillary pressure increased due to the continuous drying
process [33]. The capillary pressure peak that occurs around 270 min
may signify what in literature is called “air entry point” [34]. This point
also implies the onset of possible shrinkage cracking either immediately
or a little later. This is confirmed by AE as the collapse of capillary
pressure coincided with strong peaks of the absolute AE energy.
Moreover, around the capillary pressure peak, the settlement curve of
cement paste achieves its maximum as well. However, due to the non-
uniform pore structure distribution at the surface of the material, air
penetration occurs locally. The air entry into the capillary tube of the
pressure sensor is variable between different sensors within one sample
at similar depths [35]. From the obtained measurements, it can be
Fig. 5. (a) Cumulative hits and settlement during curing for 50/50 CEM-FA, (b) cumulative hits and shrinkage during curing for 50/50 CEM-FA.
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shown that the absolute energy increase during capillary pressure
progression and collapse is valid for all mixes and with increasing en-
ergy from cement paste, to 50/50 CEM-FA and finally to pure FA sus-
pension. Specifically, close to or at the moment of pressure drop, AE
energy in paste reached 1440 aJ, while for FA the readings were be-
tween 8000 aJ and 14,000 aJ, while the 50/50 CEM-FA sample was
again in between. Similar trends were also shown for the very early
behaviour a few minutes after mixing. The average absolute energy for
cement paste during the first 24 min was 13 aJ followed by the sample
of 50/50 CEM-FA with 132 aJ and lastly by FA with 528 aJ. This is
related to the impact of the particle size distribution on the absolute
energy signals as cement paste presented the smallest average particle
size of 10.5 μm and FA presented the largest average particle size of
57.3 μm. It is reasonable that as the particle size becomes larger any
movement or impact leading to the production of elastic waves will
obtain higher energy as well as longer duration of the source impact,
Fig. 6. Average rise time and sample temperature for (a) cement paste; (b) fly ash suspension; (c) 50/50 CEM-FA mixture.
Fig. 7. (a) Time of setting by Vicat Needle test; (b) time of setting by ultrasonic pulse velocity.
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something that was confirmed in the scale of mm, by releasing glass
spheres of different diameters in cement paste [22]. It is noted that FA
has lower density than cement particles; however, its average radius, as
stated above, is 5 to 6 times bigger leading to typical FA particle volume
three orders of magnitude higher than cement. Therefore, despite the
lower density (approximately half) the typical FA particle obtains a
mass and therefore impacting weight one to two orders of magnitude
more than cement. Further, impact velocity, particle surface and plas-
ticity could also affect the stress wave evolution and the corresponding
average absolute energy [36,37]. The elastic energy could be smaller
when the particle surface roughness increases due to smaller contact
radius and on smooth surfaces, the viscoelastic dissipation leads to
great energy loss [38].
The absolute energy illustrated a significant increase for all three
specimens at around 300 min. In this period, the risk of plastic
shrinkage cracking achieves its maximum since the air-filled pores on
the specimen surface are weak points. After the capillary pressure drop,
the average absolute energy curve presents several peaks as the mate-
rial solidifies at a later stage. The fluctuation or the several peaks of the
average absolute energy may be caused by the air entry into the ma-
terial since the air entry into the material does not occur simultaneously
everywhere at the same pressure. It is reasonable to have similar or
even higher amount of energy later than the capillary pressure drop
moment as the material becomes stiffer and can transmit more energy
even with a similar level of excitation source. In addition, potential
mechanisms associated to AE increase may be creation of gas-filled
bubbles in the pores that occurs during the formation of hydrating ce-
ment paste [16].
Concerning another important AE feature, Fig. 9(a) shows the de-
velopment of average frequency (AF) along with the shrinkage curves.
Results from the start of the monitoring, where most of the activity is
attributed to the settlement were consistent with the previous ob-
servations, related to AE energy and RT. The frequency content of the
cement paste started at an average of 229 kHz, followed by the 50/50
CEM-FA mixture with approximately 118 kHz and the FA with ap-
proximately 80 kHz. This is again in accordance with the average
particle size. As shown recently, smaller aggregate particles moving in
liquid produce AE with higher frequency, lower RT and lower energy
[22], something that seems to hold true for the cement and FA particles
as well. For the whole duration of the test, cement paste exhibited
higher maximum values of AF as well as higher fluctuations.
5. Discussion
In the manuscript so far, trends from typical specimens of each mix
are presented. This section contains data from all the available speci-
mens from the two edge cases (pure cement and pure FA in water
suspension) to discuss the representativity of the results. In addition,
the results are presented in the form of “moving average” trend line
(sliding window of 200 successive points) to show a different per-
spective than the bar plots which were averaged in 24 min intervals.
Furthermore, the same type of bar plots are shown but with different
interval (12 min) to check if the duration of the analysis window in-
fluences the observed trends. The interpretation comes mainly through
the comparison between the behaviour of CP and FA. However, in any
case, the experimental observations are highlighted and discussed.
The rise time evolution of cement paste and FA suspension are
presented in Fig. 10.
In this figure, as well in (Figs. 11 and 12) the curves of 3 different
specimens are illustrated by the moving average. It is noteworthy that
all CP specimens exhibit a low start in their curve at the level of 20 μs,
much lower than the FA ones which lie at approximately 60 μs. This can
be reasonably connected to the particle size and weight difference, as
already discussed, which plays an important role in the settlement
period. After setting, the rise time showed a significant increase for all
three cement paste specimens at around 300 min, see Fig. 10(a). Later,
Fig. 8. Average absolute energy and capillary pressure development for (a)
cement paste; (b) fly ash suspension; (c) 50/50 CEM-FA mixture.
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the curves seem to deviate from each other, with one specimen showing
a sudden drop in RT not occurring for the two other specimens. Such
drop can be connected to possible shrinkage cracking in that specimen
or detachment from one side of the mould. The increase of the RT
follows the aforementioned increase in UPV of cement paste and comes
a little after the bending point of the cumulative AE curve, indicating
the interconnection between these parameters. On the contrary, FA
specimens presented a much smoother rise time evolution in the first
500 min after mixing, as shown in Fig. 10(b), exhibiting fluctuations
after 750 min.
Fig. 11 shows the absolute energy of the AE signals. The
experimental results confirm that, for the whole duration of the test, FA
suspensions exhibited higher values of absolute energy as well as higher
fluctuations as revealed in Fig. 11. The curves of cement paste de-
monstrated absolute energy values below 700 aJ, throughout the ex-
periment, while the FA suspensions presented higher peaks with more
than 10,000 aJ as presented in Fig. 11(a) and (b). This is again asso-
ciated with the impact of the particle size distribution since FA particles
are 5 times larger on average than the cement particles.
In addition, based on the obtained results, cement paste curves il-
lustrated higher values of AF as well as higher fluctuations compared to
the FA suspensions, see Fig. 12. Specifically, in the fresh state, the AF
Fig. 9. Average frequency and shrinkage development for (a) cement paste; (b) fly ash suspension; (c) 50/50 CEM-FA mixture.
Fig. 10. Rise time evolution for (a) cement paste; (b) fly ash suspension.
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content of the cement paste started at an average of about 250 kHz,
while the FA suspensions illustrated a lower value with approximately
80 kHz as shown in Fig. 12(a) and (b). Furthermore, the AF curves of all
FA suspensions are steady with smaller fluctuations compared to the
cement pastes indicative of their inert character since FA suspension
does not undergo hydration.
Another point of interest is related to the selection of acquisition
parameters and its influence on the final result. AE is a threshold-re-
lated technique. The threshold is established as low as possible de-
pending on the noise level of the laboratory environment. In this case it
was 35 dB, a quite low threshold, offering high sensitivity as it allowed
recording of events in the absolute energy range of attojoule (10−18 J).
The importance is that the threshold (and all layout parameters) are
constant for all specimens, thus resulting in the same sensitivity level.
Therefore, the comparison between the values of different specimens
can be done without fear of masking by the choice of layout. It is
stressed that the importance is primarily in the comparison and not the
absolute value of the AE parameters. The reason is that they are not
mathematically related to a physical process and thus the absolute
value is not used to directly derive another property. This contrasts with
(e.g.) UPV where its value can be used for evaluation of dynamic
modulus of elasticity. In that case, a change in the settings may influ-
ence the UPV value and this influence would be transferred to the
modulus calculation. However, for AE, there is no direct established
relation (at least so far) between a parameter (e.g. cumulative AE ac-
tivity or frequency) and a certain property or process of fresh concrete.
Therefore, the importance lies in the comparison between different
mixes which is valid since the exact settings are maintained.
Concerning the analysis and presentation, the data in Section 4
“Results” were represented by bars corresponding to 24 min activity
each. This choice was done in the sense that the window is not too long
to become insensitive to the transient evolution of properties, but at the
same time it works as a sort of averaging to avoid scatter that may
happen in AE monitoring tests. The selection of the time window
(24 min) for the analysis is the same for all the specimens, something
that allows for comparisons. Obviously, the values would be different if
the window was shorter (less absolute AE hits) or longer (more AE hits),
but a “reasonable” choice had to be made to proceed to the analysis. In
order to check the possible influence of the time window analysis,
below bar plot results of absolute energy for cement paste and FA
suspension are seen based on 12 min slots (instead of 24 min).
The absolute values of the bars have obviously changed between
Figs. 8 and 13, but this does not alter the basic observations. It is again
clear that FA suspension presents higher energy, and peaks are re-
cognized at the same moments (also at the moment of capillary pressure
collapse).
Furthermore, if all different aspects are examined, there are many
parameters that would influence the absolute values and not only the
choice of the time window. For example, the selected AE sensors would
make a great difference. For different sensor sensitivity responses, AE
activity, frequencies etc. would be different in absolute values.
Therefore, the key element in the study is that experimental and ana-
lysis settings remain constant in order to be able to make comparisons
and attribute the different trends directly to the behaviour of the dif-
ferent mixes and their activity.
6. Conclusions
This paper focuses on the evolution of the acoustic emission sources
in cement paste during early-age hydration. AE enables recording of the
elastic waves of cement paste immediately after casting. Specimens of
FA were compared to cement paste as FA is an inert material and thus
enables the study of physical phenomena occurring during drying
without the interference of hydration. A combined approach of several
monitoring techniques is applied to monitor the settlement, shrinkage,
capillary pressure and temperature appearing in specific time intervals
due to the drying process. Hence, the combination of different techni-
ques provides additional insight into the mechanisms during the hy-
dration process.
Conclusions drawn from this study include the following:
- The significant acoustic activity of cement paste for the first hours is
Fig. 11. Absolute energy development for (a) cement paste; (b) fly ash suspension.
Fig. 12. Average frequency development for (a) cement paste; (b) fly ash suspension.
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attributed to the settlement process.
- The FA suspension led to a lower rate of AE activity during the early
hydration process.
- The average absolute energy of AE demonstrated an increase close
to capillary pressure drop.
- In the hardened state, the moving average curves of rise time, pre-
sented higher values compared to the fresh state for cement paste,
attributed to the different sources (e.g. hydration and micro-
cracking instead of settlement) as well as in the stiffening of the
medium.
- The settlement achieves its maximum around the peak of the ca-
pillary pressure, indicating the setting of the material.
- Early age AE seems very sensitive to the particle size distribution
since the fresh cement paste with smaller particles emits much
higher frequency and energy but shorter signals than FA, the par-
ticles of which are 5 times larger in average.
The sensitivity of the techniques enables monitoring of hydration in
a way that complements the traditional approach. This monitoring
methodology obtains further value considering the modern develop-
ments in cementitious media (inclusion of SAPs, nano-reinforcement
etc.) that complicate even more the nature of the material. It could be
important, not only for the academic community in terms of basic
material studies, but at the same time also for the industry, given the
recent advancements and accessibility of acoustic emission, and non-
destructive monitoring technology in general.
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